ABSTRACT
INTRODUCTION
Enhanced pigmentation is of a major economic importance in fruits and vegetables, contributing to their visual and functional properties. ; that map to two genes: HP-1 and HP-2. The origins of these mutations have been lately extensively summarized (Lieberman et al., 2004 , Levin et al., 2006 . Similar to the other hp mutants, hp-2 dg /hp-2 dg plants are characterized by exaggerated light responsiveness, dark-green foliage and intense fruit pigmentation (Mustilli et al., 1999; Levin et al., 2003; Lieberman et al., 2004) . Tomato plants carrying the hp-2 dg mutation are considered to be superior over most other known hp mutations because they usually produce tomato processing hybrids with higher and reproducible pigmentation, and plants with better horticultural performances (Levin et al., 2003) .
The higher fruit pigmentation characterizing hp-2 dg plants is due to elevated levels of chlorophylls in immature fruits, and of carotenoids, primarily lycopene, throughout fruit ripening-from very early breaker to red-ripe stages (Mochizuki & Kamimura, observed in seedlings grown under high light intensities, usually characterizing lightstress (Ma et al., 2003) . In addition, transcriptional induction of several genes frequently up-regulated by pathogen-plant interactions was reported in healthy Arabidopsis det1 mutant seedlings (Mayer et al., 1996) .
Three light-regulated genes, chlorophyll a/b-binding protein, ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit, and chalcone synthase, were demonstrated to be transcriptionally up-regulated in the hp-1 mutant plants of tomato compared to their semi-isogenic normal controls (Peters et al., 1998) . Increased plastid number and compartment size in leaf and fruit cells were reported as major phenotypic traits of hp-1 mutant plants (Cookson et al., 2003) . The recent cloning of the HP-1 gene revealed that it encodes the tomato homolog of the UV-DAMAGED DNA BINDING PROTEIN 1 (DDB1) (Lieberman et al., 2004; Liu et al., 2004) , known to contribute to the initial UV-damage response by stimulating nucleotide excision repair in human cells (Wakasugi et al., 2002) . It was also recently found that DET1 and DDB1 interact biochemically and genetically to suppress photomorphogenesis in Arabidopsis (Schroeder et al., 2002; Liu et al., 2004) , and to enhance the activity of ubiquitinconjugating enzymes in both Arabidopsis (Yanagawa et al., 2004) , and humans (Wertz et al., 2004) . These findings can explain the significant phenotypic similarities that exist between the different tomato hp mutants (Lieberman et al., 2004) .
Ripe-red fruits of the various hp tomato mutants share strong metabolic similarities.
Earlier reports describing levels of metabolites in hp tomato mutants are limited, and focus primarily on the increased levels of fruit carotenoids (lycopene and carotenes) observed in ripe-red fruits (Mochizuki & Kamimura, 1984; Wann et al., 1985) .
Interestingly, however, mature fruits of plants carrying the hp-1 mutation were also found to contain elevated levels of the flavonoid quercetin (Yen et al., 1997) , and of ascorbic acid (vitamin C) (Mochizuki & Kamimura, 1984) . A study carried out by our group identified similar increases in quercetin levels in the fruit peel of the tomato hp-2 and hp-2 j mutants (Levin et al., 2006) . In another study, targeted metabolite analyses, as well as large-scale non-targeted metabolite-profiling methods were used in order to identify differences in metabolite composition between fruits of the hp-2 dg mutant and its isogenic control. The results show that hp-2 dg fruits are characterized by overproduction of many plastid-accumulating metabolites, several of which are known for their strong antioxidant or photo-protective properties and may be implicated as resources recruited by the hp-2 dg mutant plants in response to light stress (Bino et al., similar large-scale over-expression would be expected in genes that are either related to metabolic pathways and/or such that are related to the response of plants to light cues.
To validate this hypothesis we have carried out a comprehensive transcriptional profiling of fruits obtained from hp-2 dg mutant plants in comparison to their semiisogenic normal counterparts. Further, analysis of global gene expression in the developing fruit of hp mutants can be an effective approach to dissect the molecular mechanism by which hp mutants overproduce phytonutrients. Such dissection may be useful in developing future strategies to manipulate levels of carotenoids and possibly other secondary metabolites in tomato fruits, and possibly fleshy fruit of other species.
RESULTS

General considerations
This study was designed to analyze the transcriptional alterations in fruits harvested from tomato det1 mutant plants (hp-2 dg /hp-2 dg ) in relation to their normal isogenic counterparts using microarray technology. This study complements a former metabolomic profiling analysis showing that both targeted and non-targeted metabolites are significantly increased in hp-2 dg /hp-2 dg mutant fruits (Bino et al., 2005) . We hypothesized that analysis of global gene expression can be useful in elucidating the molecular mechanism by which hp tomato mutants overproduce fruit phytonutrients.
Validation of microarray results
To validate the microarray expression results, 11 annotated genes displaying a significant difference in expression in at least one ripening stage were selected for quantitative RT-PCR analysis (qRT-PCR). QRT-PCR reactions were carried out on c-DNA synthesized from the original RNA samples prior to mRNA amplification.
Results obtained from the TOM1 microarray and the qRT-PCR reactions were transformed to their natural logarithm prior to the linear regression analysis presented in Fig. 1 . This analysis shows a highly significant fit between the microarray results and the qRT-PCR results, 10 are highly comparable. Because qRT-PCR tends to display higher fold-differences compared to microarray, the regression line between these two variables will not usually cross the origin as displayed in Fig. 1 . However, the regression slope (b), the true indicator of fit between these two techniques, was found in this study to be highly significant (10
) and therefore our microarray results should be considered of good quality.
General transcriptional alterations displayed by hp-2 dg mutant fruits
The microarray results presented herein below summarize the fold-differences in the More genes were transcriptionally altered at the mature-green stage compared to the other two ripening stages analyzed.
Similar results were obtained analyzing annotated genes (Table Ib) . Among the 4986 reliable cDNA spots identified, 1815 were found to represent annotated genes. These genes follow very similar regulation patterns, calculated as percentages, outlined herein above for total cDNA spots analyzed.
Annotated cDNA spots showing reliable signal to noise ratio and a significant more than 2-fold transcriptional alteration (Table Ib) were sorted according to fruit ripening stage and their biological function. Up-and down-regulated genes are presented in Fig.   S1 and S2, respectively (supplemental materials). Of the 149, 86 and 116 annotated cDNA spots displaying a significant more than 2-fold up-regulation at the maturegreen, breaker and red fruits, respectively (Table Ib) , 47 were found constitutively upregulated (Fig. S1 ). These 47 genes comprise 31.5, 54.6 and 40.5% of the genes found to be >2-fold up-regulated at mature-green, breaker and red fruits, respectively. These results are in sharp contrast to the single gene that was found constitutively downregulated ( Fig. S2) , demonstrating again the transcriptional activation of genes in the hp-2 dg mutant fruits.
We have further sorted the 47 genes demonstrating a constitutive up-regulation according to their biological function, taking into account only genes that are fully annotated. These genes were categorized into 10 distinct functional groups (Fig. S1 ).
Although each of these functional groups may represent an important physiological, biochemical or developmental property of the pleotropic hp-2 dg mutant, we will in particular discuss herein below genes related to carotenoid biosynthetic pathway, plastid biogenesis, photosynthesis, and stress response. and fully annotated unique genes in mature-green, breaker and red fruits, respectively.
We have also found a clear and strong enrichment of genes related to chloroplast biogenesis or photosynthesis among the genes found to be constitutively up-regulated.
Among the 47 genes found to be constitutively up-regulated, 25 genes were found to be related to chloroplast biogenesis or photosynthesis, representing 53.2%. A selection of such genes and their transcriptional increase in the hp-2 dg mutant plants relative to their normal isogenic counterparts are presented in Table IV representing an allelic det1 mutation, in comparison to their normal semi-isogenic counterparts ( Table VIIb) .
Accumulation of chloroplasts begins at early development of mutant hp-2 fruits
To further dissect the increase in chloroplast numbers in the hp-2 dg mutant fruits and to monitor the developmental time-point of plastid proliferation increase, we have carried out a detailed confocal microscopy study focusing on the very early stages of , and their semi-isogenic controls (Table VIIIb) .
DISCUSSION
Fruits and vegetables constitute a major component of our diet, providing fiber, vitamins, minerals and many other phytonutrients that promote, or at least maintain good health (Willcox et al., 2003; Fraser and Bramley, 2004 tomatoes, contain high levels of several of these ingredients. Nonetheless, efforts have been invested in increasing the content and diversifying phytonutrients, such as carotenoids and flavonoids, in the tomato fruit (Verhoeyen et al., 2002; Fraser and Bramley, 2004; Levin et al., 2004) . Strategies to achieve this task focus mainly on transgenic approaches (Fray et al., 1995; Romer et al., 2000; Ronen et al., 2000; Rosati et al., 2000; Muir et al., 2001; Fraser et al., 2002; Davuluri et al., 2005; Enfissi et al., 2005) , and mutations or quantitative trait loci with pronounced effects on such phytonutrient levels. The tomato hp mutants are a good example of the latter alternative (Levin et al., 2003; 2004) . Due to their impact on fruit lycopene content, these mutations were introgressed into elite tomato germplasm (Levin et al., 2003) . Recent studies also reinforce earlier ones suggesting that plants carrying these mutations are also characterized by higher levels of other health promoting metabolites, such as flavonoids and vitamins (Bino et al., 2005) . Targeted accumulate large amounts of different metabolites (Willcox et al., 2003) . The discovery of det1 mutations among tomato accessions has therefore positioned the tomato as a model species to decipher such an important link (Bino et al., 2005 (Schroeder et al., 2002) . Taken together, these results emphasize the wide transcriptional regulatory nature of DET1, both at the seedling (vegetative) and fruit (reproductive) levels. The tendency for over-expression of genes in DET1 mutant plants reinforces the perception that a defective DET1 tends to remove negative regulation from light-regulated and possibly other genes, usually resulting in enhanced transcription rates of these genes (Christopher and Hoffer, 1998; Schroeder et al., 2002) . Notably, work with the tomato DET1 showed that it interacts with the nonacetylated tail of the H2B histones, and it has been proposed to modulate chromatin structure and to affect light-dependent transcriptional activities (Benvenuto et al., 2002) .
Interestingly, the positive transcriptional effect of the hp-2 dg is retained throughout fruit ripening. At the mature-green stage, ~68% of the annotated genes that display differential regulation show transcriptional up-regulation in hp-2 dg mutant compared to its normal counterpart (based on Table Ib ). This ratio rises sharply at breaker stage (~99%) and although it is reduced at the red stage (~79%); it is still maintained at high levels (Table Ib) . These results indicate that the removal of the negative regulation attributed to a functional mutation in DET1 is constitutive throughout fruit ripening.
Down-regulated gene transcripts displayed by hp-2 dg mutants can be linked to an array of transcription factors that are affected due to tomato det1 mutation. More than twofold alteration was detected in our study at levels of 23, 9 and 14 transcripts for various signal transduction elements and transcription factors in mature-green, breaker and red stages, respectively (Table SII in supplemental materials), demonstrating a potential disconcert in the regulatory network of a det1 tomato mutant during ripening.
One of the major characteristics of hp mutant plants is the significantly higher content of fruit lycopene as well as other carotenoids (Bino et al., 2005 ; Table II ). Throughout this study we have profiled 15 genes encoding enzymes of the MEP pathway responsible for fruit carotenoid synthesis (Table III) . Consistent with the previously mentioned tendency of transcriptional induction of genes in hp-2 dg fruits, up-regulation in transcription was usually obtained for most of these genes. However, this upregulation was usually very moderate and not consistent throughout fruit ripening (Table III) , suggesting the involvement of another mechanism for carotenoid accumulation. Noteworthy, these results are in agreement with a preliminary transcriptional profiling experiment we carried out using RNA extracted from maturegreen, breaker and ripe-red tomato fruits harvested within the frameworks of our collaborative metabolomic study (Bino et al., 2005) , using the Profood array. The
Profood array was designed and printed in Plant Research International, Wageningen, the Netherlands and contains 1045 70-mer oligonucleotides representing metabolicpathway related genes from tomato (Lieberman, 2004) . Our current study was designed to carry out a similar study under more stringent experimental layout (randomized blocks rather than randomized individual plants); utilizing genotypes ensuring higher reproducibility (as outlined in our materials and methods section); targeting fruit pericarps, the main site of plastidial phytonutrient accumulation, rather than whole fruits; and the TOM1 array representing many other genes, not only structural genes of metabolic pathways.
Previous studies displayed an association between DET1 function and chloroplast biogenesis. Notably, development of chloroplasts in tissues that normally do not harbor such organelles was detected in Arabidopsis and also tomato det1 mutants (Chory and Peto, 1990; Mustilli et al., 1999) . Our results on fruit transcriptional profiles of tomato det1 mutant, hp-2 dg , demonstrate consistent and highly significant transcriptional induction of genes related to chloroplast structure, function and biogenesis. Messenger
RNAs for plastid protein translation machinery are induced in fruit pericarp tissue of tomato hp-2 dg mutant in mature-green and subsequent ripening stages (Table IV; Fig. S3, S4 and S5). In addition, genes encoding proteins of photosynthetic apparatus show even higher transcriptional up-regulation at all fruit developmental stages tested (Table   V) . It is now clear that nuclear photosynthesis genes are regulated by signals from chloroplasts (Susek and Chory, 1992; Rodermel, 2001; Surpin et al., 2002) .
The induction of genes related to photosynthesis and chloroplast biogenesis correlates well with the significantly increased number and size of chloroplasts in pericarp cells of mature-green hp-2 dg fruit compared with their normal controls (Table VIIa, Fig. 2 ).
Similar results were obtained in this study comparing fruits of hp-2 j tomato mutant, allelic to hp-2 dg , with its semi-isogenic control, thus establishing the effect of tomato det1 mutations on chloroplast biogenesis in tomato fruit pericarp cells (Table VIIb) .
DET1 is a part of a protein complex that contains DDB1, mutations in which cause the hp-1 and hp-1 w phenotypes of tomato (Schroeder et al., 2002; Lieberman et al., 2004; Liu et al., 2004) . Interestingly, the tomato hp-1 genotype was also reported to have increased plastome DNA concentration and plastid number in leaves and fruits (Yen et al., 1997; Cookson et al., 2003) , underlining also a functional link between DDB1 and DET1 with respect to plastid biogenesis.
Total chlorophyll, accumulating in chloroplasts, and total carotenoids, accumulating in chromoplasts, increased 14-and 2.3-fold, respectively, in fruit pericarp tissue of hp-2 dg compared to its normal controls. These increases can not be directly explained by the mostly moderate up-regulation of transcripts encoding enzymes for chlorophyll synthesis (less than 2-fold, data not shown), and carotenogenic genes (Table III) . On the other hand, microscopic observations carried out in this study displayed 4-fold higher chloroplast number per cell and 2.1-fold larger chloroplast area in hp-2 dg fruit pericarp cells, suggesting 8.4-fold cumulative increase of plastid compartment size (Table VIIa) . It may be therefore be concluded that out of these two determinants, i.e.
plastid biogenesis and transcriptional activation of structural biosynthetic genes, the estimated 8. , respectively). Also, the chromoplast number in the mutant fruit pericarp was found to be 1.88-fold higher than the number of chromoplasts in its isogenic line (740.6±64.9 and 393.6±48.3 per cell, respectively). Thus, these results show a total of ~2.8-fold increase in chromoplast compartment size in the mutant compared to its normal counterpart. This fold-increase corresponds to the 2.3-fold increase total carotenoids between these genotypes at the ripe-red stage (Table VIIa) .
Additionally, the above results indicate a 56.7% decrease in plastid number per cell in hp-2 dg compared to a 7.1% decrease in its normal counterparts during chloroplastchromoplast transition. These results suggest that the mutant fruits are subjected to a much stronger mechanism of plastid degradation upon ripening. This matter should be a subject of yet another comprehensive study because it has been long felt that the potential to produce carotenoids in hp-2 dg mutant fruits should be higher.
We have previously suggested that increases in metabolites sharing anti-oxidative (Tables VIIIa and b ). Yet, the mechanism by which mutated DET1 increases plastid number and size is still to be identified. Recent studies point towards very complex mechanisms for chloroplast division, and show that it is controlled by plastid-and nuclear-derived structural proteins (reviewed in Aldridge Based on the results presented herein it is therefore reasonable to suggest that the identification of molecular mechanisms that drive the proliferation of chloroplasts in hp-2 mutants should be a target of future research in this field. We strongly believe that the identification and manipulation of genes that mediate the increase in plastid number at early fruit developmental stages could be a promising approach towards improving levels of functional metabolites in mature fruits.
CONCLUSION
The transcriptional profiling presented in this study points to genes related to plastid biogenesis and photosynthesis as the main group of genes that distinguish between hp-2 dg fruit and their normal counterpart. These results are in agreement with the strong association obtained between plastid compartment size, calculated in fruit pericarp cells, and total carotenoids accumulating in this same tissue upon ripening. On the other hand, transcription of structural carotenogenesis genes was in effect unassociated with the high levels of carotenoids characterizing hp-2 dg mutant pericarp fruit tissues.
Because this genotype is characterized mainly by overproduction of plastidaccumulating metabolites, it is reasonable to conclude that the molecular machinery that drives plastid biogenesis is the main contributor to the significant increase observed in these metabolites in mature ripe-red fruits of hp-2 dg genotypes. Our results further show that hp-2 dg as well as hp-2 j plants, both mutated at the DET1 gene, display a significantly increased plastid number and size starting at very early stages of fruit development (~8 days post anthesis). Together with a former study showing that transgenic modulation of DET1 is only effective when imposed at early fruit development stages (Davuluri et al., 2005) , it can be further concluded that the initial molecular cue that increases plastid-accumulating metabolites in DET1 mutants should be traced at early stages of fruit development and is a requirement for the accumulation of these metabolites at later stages of fruit ripening.
MATERIALS AND METHODS
Plant material and experimental design
A tomato (Solanum lycopersicum) line (n-935) homozygous for the hp-2 dg mutation and its nearly isogenic normal counterpart, were used for the microarray analysis. Line 
RNA extraction and amplification
Total RNA was isolated from ~1g of pericarp tissue of mature-green, breaker and early-red fruits harvested from hp-2 dg mutant plants and their normal counterparts using Qiagen RNeasy Midi Kit (Qiagen Inc., Valencia, CA, USA). RNA isolation was according to the manufacturer's recommendations with the following modifications: (1) tissue was pulverized in RLT buffer containing β -mercaptoethanol, and (2) RNA samples were treated, on-column for 1 hour, with DNase I using Qiagen RNase-free DNase Set.
Each RNA sample was subjected to mRNA amplification procedure using MessageAmp aRNA kit (Ambion Inc., Austin, TX, USA). Three µ g of total RNA were used in each amplification reaction.
Microarray experiment analysis
Transcriptional profiling of tomato pericarp tissue of hp-2 dg /hp-2 dg plants was Lowess curve was fit to the log-intensity versus log-ratio plot. 40% of the data was used to calculate the Lowess fit at each point. This curve was used to adjust the value of the normal genotype for each measurement (control channel). If the control channel was lower than 10 then 10 was used instead. In all data-tables obtained from each hybridization, low-quality data were identified and discarded when signal to noise ratio was <2. Statistically reliable data were obtained applying filter on confidence [P(t)=0.05, Benjamini-Hochberg false discovery rate=0.05]. Significantly altered genes in every developmental stage were then filtered out from the statistically reliable data based on fold-change (>2 for over-, and <0.5 for under-expressed). Only array spots containing clones with known 5' and 3' sequence that could also be assigned to a certain unigene at e-value <e -5 were further used for ontology assignment. Ontology terms were assigned to genes using the Solanaceae Genomics Network (SGN at http://www.sgn.cornell.edu) and the Institute of Genomic Research (TIGR at http://www.tigr.org/) databases. SGN-U sequences derived from SGN database were used as queries in BLAST analysis against the tomato database deposited at TIGR and the corresponding GO terms, based on biological process or molecular function, were retrieved.
The MAPMAN software was further used in order to obtain a visual display of our final microarray data onto diagrams representing metabolic pathways (Thimm et al., 2004) .
Originally developed for Arabidopsis, MAPMAN was successfully implemented in analysis of TOM1 array-generated data from several Solanaceous species (UrbanczykWochniak et al., 2006) . Prior to the analysis by MAPMAN, data were transformed to their natural logarithm.
Real-time quantitative PCR reactions
The same total RNA samples extracted for the microarray experiment were used to synthesize cDNA templates required for the quantitative RT-PCR analysis (qRT-PCR).
cDNA synthesis was carried out using iScript cDNA synthesis kit (Biorad, Hercules, CA, USA). Gene-specific primers were designed using the Primer Express software 
Microscopy and image analyses
Prior to the microscopy observations, fruits were sliced with sharp scalpel on the Chlorophyll was excited by 488 nm light and the emission was collected through BA 660 IF filter. The images were color coded red for chlorophyll autofluorescence.
Confocal optical sections were obtained at 1 µm increment. Chloroplasts were then counted in 5-15 individual cells, randomly chosen in each slice from the outer and inner mesocarp sectors, avoiding the regions proximal to vasculature. The magnification can be increased by zooming the scanning laser beam on a smaller area of the object. The transmitted light images were obtained using Nomarski differential interference contrast (DIC). Image analyses were carried out using ImageJ 1.37M software (National Institutes of Health, USA, http://rsb.info.nih.gov/ij/) according to manufacturer's protocols and examples. Plan area measurements were used to assess cell and chloroplast sizes.
Chromoplast observations were carried out on a Leica DM LB microscope (Leica, Wetzlar, Germany), and light images were acquired using a Leica DC-200 digital camera.
Carotenoid extraction, identification and quantification
All chemicals and solvents were purchased from Sigma (St Louis, MO, USA). were kept constant while solution A was gradually decreased from 87% to 77% on the expense of increase of solution C from 0% to 10% during the first 15 min. These conditions were kept for additional 15 min after which column was equilibrated for 10 min using the initial conditions (87%A, 10%B, 0%C and 3%D). The flow rate of the mobile phase was 1.5 ml/min, while the column temperature was 30°C. The detector measured from 265 to 700 nm at a sampling rate of 1 spectrum/s and an optical resolution of 2.4 nm; the injection volume was 40 µl. Compounds were identified by comparison of retention times, co-injection spiking, and by comparing their UV-visible spectra with authentic standards. Authentic standards of carotenoids were purchased from Sigma (St Louis, MO, USA). Standard calibration curves for each extracted carotenoid was prepared. Quantification was performed by integrating the peak areas of the HPLC results using Millennium chromatography software (Waters, Milford, MA) assisted by the previously prepared standard curves.
Chlorophyll extraction and quantification
Chlorophyll was extracted from pericarp sections (~1.3g) of fruits of hp-2 dg /hp-2 dg , hp-2 j /hp-2 j and their normal counterparts via incubation in 10 ml of Dimethyl Formamide (Fluka) for 72 hours at 4°C in complete darkness. Absorbance of extracts was measured using a UV-2401PC spectrophotometer (Shimadzu, Kyoto, Japan). Total chlorophyll content was estimated using the method of Inskeep and Bloom (1985) .
Statistical analyses of additional quantitative data
Chloroplast characteristics as well as fruit chlorophyll and lycopene contents were analyzed using a two-way ANOVA, focusing on the genotype effect. All these analyses were carried out with the JMP statistical discovery software (SAS Institute Inc., Cary, NC, USA). Data representing fold-differences between the hp-2 dg /hp-2 dg mutant fruits and their normal counterparts were transformed to their natural logarithm prior to data analysis. Figure S5 . Visual display of the final TOM1 microarray data obtained at the red fruit stage onto diagrams of metabolic pathways using MAPMAN software (Thimm et al., 2004) Data representing fold-differences between the hp-2 dg /hp-2 dg mutant fruits and their normal counterparts were transformed to their natural logarithm prior to data analysis. 
TABLES
